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Summary
The question of how our body parts successfully interact
with objects in the outside world is a fundamental problem
in cognitive science and neuroscience [1, 2]. This problem
is closely related to biologically important behaviors such
as avoiding collisions or safely reaching for an object [3].
Although previous studies have suggested that perceiving
the space around one’s own body is essential for interacting
successfully with objects [4, 5], how one’s own body parts
influence the ability to perceive the space around the body
is unknown. Here, we report a visual motion aftereffect
(MAE) that shows spatial selectivity in hand-centered coor-
dinates. The MAE is an illusion of visual motion resulting
from adaptation to a moving pattern and normally occurs
with retinal overlap between adaptor and test [6]. We found
that the MAE occurs without retinal overlap between the
adaptor and test when they are presented at the same posi-
tion relative to a seen hand. This MAE appeared only when
participants voluntarily controlled the hand that was felt to
be their own. Our results reveal that sense of owning an
activelymoved body part generates a perceptual representa-
tion of the space encoded in body-part-centered coordinates
that might be useful for guiding movements of one’s body
parts.
Results
When we interact with objects around us, we often see our
hands with the objects. Without seeing our hands, we would
be unable to interact successfully with objects. How does
seeing our hands contribute to interactions with objects?
Previous work has suggested that the ability to perceive an
object’s location or motion relative to one’s own hand leads
to the successful interaction with the object [4, 5]. In particular,
the ability to perceive an object’s motion relative to one’s own
hand is important for protecting the hand from colliding with
an object [3]. Accordingly, these perceptual abilities may be
served by the mechanisms that process visual signals in
hand-centered coordinates. Here, we report a visual motion
aftereffect (MAE; the illusion of visual motion after adaptation
to a moving pattern [6]) that shows spatial selectivity in
hand-centered coordinates.
An MAE is generally assumed to reflect the adaptation of
motion-sensitive neurons in retinotopic brain areas [6], but a
recent study showed that an MAE occurs without retinal over-
lap between adaptation and test stimuli if the test stimulus that
can access higher-order motion mechanisms [7] is presented
at the same spatial location in external, world-centered coordi-
nates as the adaptation stimulus [8]. This implies that, under*Correspondence: kmat@riec.tohoku.ac.jpcertain conditions, the MAE can be anchored in external rather
than retinal coordinates.
A previous neurophysiological study revealed that the activ-
ity of visual-motion-sensitive neurons in the premotor cortex
of the brain is modulated by the position of a seen hand [9],
implying that anMAEmay be anchored in hand-centered coor-
dinates (hand-centered MAE) when seeing one’s own hand.
We examined this possibility using a dynamic test that is
thought to probe high-level stages of motion processing [10].
If a nonretinotopic, higher-order MAE is found to be anchored
to a seen hand, this MAE would provide evidence for the exis-
tence of a visual motion system operating in hand-centered
coordinates. We also addressed two further issues. First, we
examined whether active hand movements are required for
the hand-centered MAE, because active hand movements
canmodulate the perception of visual motion [11, 12]. Second,
we examined the possible effect of hand ownership (the expe-
rience of a hand as one’s own) [13–16] using the rubber hand
illusion [17, 18]: because the hand-centered coordinate sys-
tem has to be linked with one’s own hand [19–21], we would
expect to find that sense of hand ownership influences the
hand-centered MAE. We also examined the possible effect
of active hand movements on the link between the hand-
centered MAE and hand ownership.
Participants adapted to a radial grating drifting within a
quarter of a stationary annulus window near their right hand
while looking at a stationary fixation point (Figure 1A; see Sup-
plemental Experimental Procedures available online) and
actively moved their right hand in a clockwise direction (Movie
S1). The right eye’s positionwasmeasuredwith an eye tracker.
We used four different adaptation conditions (Figure 1B):
adaptation and test gratings were presented at the same loca-
tion in both hand-centered and retinal coordinates (hand &
retina), at the same location in hand-centered but not retinal
coordinates (hand), at the same location in retinal but not
hand-centered coordinates (retina), and at different locations
in either retinal or hand-centered coordinates (nonmatched).
The hand-centered MAE can be identified by comparing the
results of the hand and nonmatched conditions even when
multiple processes contribute to the MAEs [22]. After adapta-
tion, the participants made saccadic eye movements, and a
test grating was then presented with a variable phase shift.
MAEs were quantified by the phase shift necessary to nullify
the perceived drifting direction of the test grating.
We found that MAEmagnitude was significantly larger in the
hand condition than in the nonmatched condition (Figure 1C;
Bonferroni-corrected paired t test: t6 = 4.93, p < 0.001) but
was not significantly different in the hand condition versus
the hand & retina or retina condition (t6 = 2.38, p = 0.17 and
t6 = 0.93, p = 0.39, respectively). Although MAE magnitude in
the nonmatched condition indicates a spreading of motion
adaptation across the visual field possibly in retinal coordi-
nates [23], the much larger MAE magnitude in the hand condi-
tion cannot be attributed to the spreading effect. These results
provide clear evidence that visual motion adaptation occurs in
hand-centered coordinates.
We also focused on the issue of how viewing a hand and
actively moving it affect the hand-centered MAE. First, we
Figure 1. Apparatus, Procedure, and Results for Experiments 1A–1D
(A) Apparatus. Participants viewed the reflection of visual stimuli, presented on a CRT display, through a half mirror and grasped the arm of a force-feedback
device with their right hand below the half mirror. They could see their right hand when the lights were turned on but not the device, except for the tip of the
arm that they grasped.
(B) Procedure. The four adaptation conditions were hand & retina, hand, retina, and nonmatched. During each adaptation, participants actively moved their
hand in the clockwise direction (yellow arrows) while fixating on a white spot, except in experiment 1D. Clockwise drift of the radial grating was presented
within a quarter of an annulus during the adaptation period (red arrows; seeMovie S1). Adaptation for 30 s or top-up adaptation for 5 swas followed by a 0.7 s
interval to make a saccade to a red fixation point displayed. The fixation point was then shifted to the position used for the test stimulus presentation, and
participants again made a saccade during the 0.7 s of the fixation shift. 0.7 s after this shift, the test stimulus was presented for 0.5 s. Participants reported
the perceived direction of the test grating after the test presentation.
(C) Average magnitude of visual motion aftereffect (MAE) in the four adaptation conditions when the hand was visible and actively moved (experiment 1A).
MAE magnitude changed significantly depending on the adaptation conditions (F3, 18 = 20.30, p < 0.0001).
(D) Average MAE magnitude when the hand was hidden (experiment 1B).
(E) Average MAE magnitude with a rectangle instead of the hand (experiment 1C). The adaptation and test gratings were presented at the same location
relative to the rectangle, the hand, and the retina (rectangle & retina); at the same location relative to the rectangle and the hand but not the retina (rectangle);
at the same location relative to the retina but not the rectangle or the hand (retina); and at different locations relative to the retina, the hand, or the rectangle
(nonmatched).
(F) Average MAE magnitude with passive hand movements (experiment 1D). To examine the effect of attentional modulation, we added a secondary task in
the hand condition. If attentional modulation causes the strong MAE with active hand movements, attentional focus on the adaptation grating should
increase MAEmagnitude from the condition without attentional manipulation even with passive handmovements. However, MAEmagnitude did not signif-
icantly increase from the condition without attentional manipulation. The solid black square represents this result. In the attentional task, participants
detected the contrast change of the adaptation stimulus at an average rate of 87.2% 6 3.4% (mean 6 SE) (see Supplemental Experimental Procedures
for details). The hand-centered MAE also disappeared without any hand movements (Figures S1A and S1B).
n = 7. Error bars represent SEM.
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participants cannot see their hand while actively moving it
during adaptation (experiment 1B). Under this condition, the
hand-centered MAE did not occur (Figure 1D; hand versus
nonmatched: t6 = 0.12, p = 0.91). This indicates that the
hand-centered MAE does not occur without viewing a hand.
Second, we visually replaced the participant’s hand with a
rectangle that was moved in synchrony with his hidden hand
movements (experiment 1C). Under this condition, the hand-
centered MAE disappeared (Figure 1E; rectangle versus
nonmatched: t6 = 1.11, p = 0.31). This indicates that the
hand-centered MAE is specific to a seen hand.
Third, we examined whether the hand-centeredMAE occurs
when the participant’s hand is passively moved while viewing
it during adaptation (experiment 1D). We found that the hand-
centered MAE disappears with passive hand movements (Fig-
ure 1F; hand versus nonmatched: t6 = 0.83, p = 0.44; see also
Figures S1A and S1B). A possible alternative explanation for
the stronger MAE with active hand movements compared to
passive hand movements is attentional modulation on theadaptation grating [24].We repeated experiment 1D but added
a secondary task in the hand condition to ensure that attention
was directed to the adaptation grating (see Supplemental
Experimental Procedures). Despite attentional focus on the
adaptation grating, MAE magnitude did not significantly in-
crease from the condition without attentional manipulation
(solid square in Figure 1F; t6 = 0.27, p = 0.80). These results
rule out the possibility that attentional modulation causes the
strong MAE with active hand movements. These findings sug-
gest that active hand movements are also crucial for gener-
ating the hand-centered MAE.
We conducted additional experiments to rule out two alter-
native interpretations of our results. The first possibility is
that visual motion adaptation may occur in world-centered
coordinates rather than in hand-centered coordinates. If the
hand-centered coordinate system is involved in visual motion
adaptation, we would expect to find the hand-centered MAE
even when the adaptation and test gratings are presented at
separate locations in world-centered coordinates, but only at
the same location in hand-centered coordinates (Figure 2A;
Figure 2. Procedure and Results for Experi-
ment 1E
(A) Procedure. Participants were instructed to
move their hand and eyes to the red fixation point
after adaptation in all conditions. Otherwise, the
procedure was identical to that of experiment
1A. See also Movie S1.
(B) Average MAE magnitude. n = 7. Error bars
represent SEM.
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167see experiment 1E in Supplemental Experimental Procedures).
As expected, a strong MAE occurred in this condition (Fig-
ure 2B; hand versus nonmatched: t6 = 4.28, p < 0.005).
The second possibility is that the hand-centered MAE might
be caused not by the adaptation grating but by the visual
image of the hand rotating in a clockwise direction along a
small circular path (1.5 diameter) and/or active hand move-
ment itself. However, the contributions of the hand motion to
MAEs were similar between the seen and unseen hand condi-
tions and between the active and passive conditions (Fig-
ure S1C; see experiment 1F in Supplemental Experimental
Procedures), and therefore they cannot explain the differences
in MAE magnitude between, for example, the hand and non-
matched conditions.
Next, we investigated whether sense of hand ownership
[13–16] influenced the hand-centered MAE in experiment 2.
To manipulate sense of ownership, we used a version of the
rubber hand illusion [18, 25]. Participants controlled the move-
ments of a realistic life-sized computer graphics (CG) hand by
moving their hidden hand, keeping their hand 7.5 cm to the
right of the CG hand. The CG hand was configured similarly
to the participant’s hand. We varied the mode of the partici-
pant’s hand movement (active or passive), the posture of the
CG hand relative to the participant’s hand (congruent or incon-
gruent), and the temporal congruence between the move-
ments of the participant’s hand and the CGhand (synchronous
or asynchronous) (see Supplemental Experimental Proce-
dures). Thus, we defined five conditions: active-congruent,
passive-congruent, active-incongruent, passive-incongruent,
and active-congruent (async) (Table S1). The CG hand was
moved in synchrony with the participant’s hand movements
except in the active-congruent (async) condition. Before
measuring MAEs, we confirmed that sense of ownership for
the CG hand was elicited in the active-congruent condition
(Figure 3A; illusion questions versus control questions: t12 =
6.78, p < 0.0001; see Figures S2A and S2B), which is consistent
with the findings of previous studies [18, 25, 26]. Measurement
of MAEswas similar to but partially different from experiment 1
(see Movie S2 and Supplemental Experimental Procedures for
details).
We found that the hand-centered MAE occurs under the
active-congruent condition (Figure 3B; hand versus non-
matched: t6 = 5.48, p < 0.0005; see Supplemental Discussion
for the difference in MAE magnitude between experiments 1
and 2). This was not due to the world-centered coordinate sys-
tem,because theMAEwasanchored to thehandevenwhen the
adaptation and test gratings did not overlap in world-centeredcoordinates (Figure 3C; hand versus
nonmatched: t6 = 5.30, p < 0.0005).
These results are consistent with the
results of experiments 1A and 1E.
In contrast, the hand-centered MAE
disappeared in the active-incongruent,
the passive-incongruent, and the active-congruent (async)
conditions (Figures 3E–3G). In these conditions, the partici-
pants did not experience a sense of ownership for the CG
hand (Figure 3A), suggesting that the sense of hand ownership
is required for the hand-centered MAE. Interestingly, however,
the hand-centered MAE was not observed in the passive-
congruent condition (Figure 3D; see Figure S3 and Supple-
mental Experimental Procedures for an experiment with a
strong sense of ownership for a stationary CG hand), although
the participants experienced a sense of ownership for the CG
hand (Figure 3A; illusion questions versus control questions:
t12 = 3.31, p < 0.05). This cannot be attributed to a lack of atten-
tion to the adaptation grating, becauseMAEmagnitude did not
significantly increase even when attention was focused on the
adaptation grating with passive hand movements (open
square in Figure 3D; see Supplemental Experimental Proce-
dures). These results suggest that not only sense of hand
ownership but also active hand movement is required to
generate the hand-centered MAE, consistent with the results
of experiment 1D.
Active hand movements may elicit a sense of voluntarily
moving the CG hand, or sense of agency [13, 26–28], and
this sense of agency likely plays an important role in gener-
ating the hand-centered MAE. Indeed, our participants did
experience a sense of agency over the CG hand during active
hand movements (Figures S2C and S2D; see Supplemental
Experimental Procedures and Supplemental Results). Impor-
tantly, it is unlikely that sense of agency over an external object
contributes to generating the hand-centered MAE, because
the hand-centered MAE disappeared when the participant’s
hand was visually replaced with the rectangle (Figure 1E).
These results suggest that sense of agency over an owned
hand is also crucial for the hand-centered MAE.
Discussion
Our findings show that there is a hand-centered, hand-view-
dependent, and active-movement-dependent MAE. This MAE
depends on senses of hand ownership and agency. The find-
ings suggest that both senseof ownership andsenseof agency
for a seen hand generate the perceptual representation of
space around one’s own hand (peripersonal space [1]) for
visual motion analysis anchored to one’s own hand. Both
senses of body ownership and of agency likely precede the
visual process of peripersonal space.
We discuss which brain areas might be responsible for the
hand-centered MAE, given the main findings of the present
Figure 3. Results for Experiment 2
The mode of hand movement (active versus passive), posture of the virtual hand (congruent versus incongruent), and timing of the virtual hand movement
(synchronous versus asynchronous) were varied. The five conditions were active-congruent, passive-congruent, active-incongruent, passive-incongruent,
and active-congruent (async) (Table S1). The virtual hand movements were synchronous with the participant’s hand movements, except in the active-
congruent (async) condition.
(A) Average subjective rating of owning the virtual hand in the five conditions. We compared the average of ratings on questions concerning the virtual hand
illusion for each condition (illusion questions) with that of ratings on control questions across all conditions (control questions). Colored bars represent
average rating of the illusion questions. The dotted horizontal line denotes the average rating of the control questions. A positive value in the vertical
axis represents agreement with questionnaire item statements. n = 13. See also Figure S2.
(B) Average MAE magnitude in the four adaptation conditions in the active-congruent condition.
(C) MAE magnitude when a change in hand position was used to dissociate the adaptation and test gratings in the active-congruent condition.
(D) MAEmagnitude in the passive-congruent condition. To examine the effect of attentional modulation, we added a secondary task in the hand condition. If
attentional modulation causes the strong MAE with active hand movements, attentional focus on the adaptation grating should increase MAE magnitude
from the condition without attentional manipulation even with passive hand movements. However, MAE magnitude did not significantly increase from the
condition without attentional manipulation. The open square represents this result.
(E) MAE magnitude in the active-incongruent condition.
(F) MAE magnitude in the passive-incongruent condition.
(G) MAE magnitude in the active-congruent (async) condition. n = 7.
Error bars represent SEM. See also Movie S2 and Figure S3.
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168study. Some neurophysiological and neuroimaging studies
have suggested that neurons in the premotor and parietal
areas of the cortex are tuned for visual motion direction
[29–31], the activity of neurons in the same areas depends
on viewing one’s own hand [9, 20, 32, 33], and some of these
neurons respond to visual stimuli only when the hand is
actively moved [34, 35]. Since neurons in these areas have
been suggested to code visual information within a hand-
centered coordinate system [32, 36], the premotor and
parietal areas are possible sites for the hand-centered MAE.
Moreover, our results suggest that the hand-centered MAE
also depends on cortical mechanisms underlying the pro-
cessing of body ownership [19, 26, 37–39]. Neuroimaging
studies have shown that activity in the premotor area corre-
lates positively with the strength of the illusion of hand
ownership [37], and that the strength of this illusion correlates
with the strength of the hand-centered encoding of visual
space [21]. These findings narrow the two candidates for
the hand-centered MAE, namely the premotor and parietal
areas, down to one: the premotor area, suggesting that the
premotor area may be responsible for visual motion analysis
anchored in hand-centered coordinates (see Supplemental
Discussion).Based on the above, we suggest that the premotor area
might integrate information on active hand movements with
that on hand ownership. When one’s own hand is moved,
the hand movement produces a change in the location or
motion of objects relative to the hand. The brain must predict
the consequences of hand movements in order to update the
representations of visual space encoded in hand-centered
coordinates. Such updates can be performed with efference
copy signals [40, 41] produced by active hand movements, re-
mapping the representations of the visual space centered on
one’s own hand. This updating process might be activated
by having sense of ownership for a seen hand. The MAE tech-
nique developed in the present study may be a powerful
means to further investigate the neural mechanisms underly-
ing the processing of peripersonal space and bodily aware-
ness, such as body ownership and agency.Supplemental Information
Supplemental Information includes three figures, one table, Supplemental
Results, Supplemental Discussion, Supplemental Experimental Proce-
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